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Abstract 
This article presents the realization of a low-cost I-V curve tracer especially designed for solar panels. The proposed design is a 
low-cost implementation of an I-V tracer capable of producing a number of traces automatically within a fraction of second. It is 
based on an open-source platform with an embedded microcontroller that integrates contemporary technologies for power 
consumption and measurement together with networking technologies for Machine-to-Machine (M2M) communication. This 
implementation can be embedded in solar panels aiming to the optimization of solar energy production by providing an in-situ 
solar panel characterization system. Details about the analysis and design methodology for the developed portable tracer are 
presented with preliminary results. 
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1. Introduction 
With the evolution of Information and Communication Technologies it is possible today to transform the electric 
power grid used to a Smart Grid where feedback between the power producers and consumers plays a crucial role 
for stability and power consumption saving. Today, the production of green energy for restricting the greenhouse 
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gas emissions is mandatory and governmental policies exist in all countries for increasing the energy production 
through distributed renewable energy sources and enhance the power saving actions from the consumers. Amongst 
the renewable energy sources, solar energy plays a major role globally. However photovoltaic (PV) based 
Distributed Power Generation Systems suffer from solar irradiation variations that when combined with PV modules 
variations due to various effects can lead to sub-optimal green energy production.  
 
The efficiency of a PV panel is seriously affected by sunlight irradiance blocking obstacles, dirt accumulation, 
and inherent tolerances from the manufacturing process or differences from orientation as well as field-aged 
degradation [1-6]. Aging effects of PV cells affects the I-V characteristics, so an in-situ measurement system of PV 
performance characteristic parameters can provide valuable information for optimized power generation. What is 
known from field studies is that the most degraded modules have no correlation between visual defects and 
performance. Normally the PV panels are tested in the production factory and in standard conditions and then are left 
unattended. Even the normal tolerance in power generation is expected to be in the range of 5%, therefore this 
percentage of green power is lost since the worst performing modules reduce the generated power in a series 
connection with considerable cost [14]. Optimizers and microinverters are suggested as a solution, but their cost is 
high and the penetration of such solutions in the PV market has remained sallow. The need for a continuous 
preventive monitoring procedure for PV panels is very important especially when combined with a modern 
optimizer providing I-V curves in real-time and for each individual panel. A number of e-load implementations have 
been proposed in the literature [7-11], however they are based on a manual procedure with human operator 
intervention. In this article we present a holistic approach where the e-load is a part of a real-time optimization 
procedure for the complete string of Panels in a PV park installation capable of providing valuable PV panel data to 
the optimizers, the Park administrator and the Smart grid operator in a symmetrical way using web-based 
technologies and publish-subscribe middleware in order to offer telemetry services for the PV panels in a 
decentralized architecture. 
 
2. Electronic Load topology for I-V curve tracing 
In order to extract the current-voltage (I-V) curve of a device (DUT Device Under Test) a simple variable load as 
depicted in Fig.1. The load is varied and the voltage and current measurements can be performed, with the 
procedure repeated for the range of I-V values that must be recorded. In order to realize such a procedure in an 
automatic way, the load must be controlled by voltage or current through a computer or a microcontroller. One 
simple approach is presented in Fig.1 where a MOSFET is used as a variable load controlled through the voltage 
applied in the Gate. When a MOSFET operates in the saturation region the Drain-Source current is controlled 
through the applied Gate-Source voltage. The Rsense resistor is a current sense resistor and the current of the DUT 
can be measured by measuring the voltage drop across Rsense. The characterization of the DUT is performed by 
varying the electronic load under the control of the applied gate voltage. 
 
 
Fig. 1. A simple electronic load using a MOSFET. 
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In general, there are four types of electronic loads according to the operational quantity that must remain in a 
predetermined value of current, voltage, resistance or power respectively. By varying each of the aforementioned 
operational quantities and measuring the I and V Quiescent values of operation, the characteristic curve for the DUT 
is extracted. Two of these types are commonly used for characterizing a PV panel by extracting its I-V curve: the 
Constant current and the constant voltage electronic load. In this article we present the details concerning the design 
of a Constant Voltage mode e-load since it has an inherent simplicity concerning the stabilization as compared to the 
Constant Current e-load and accordingly a low-cost design. In Fig. 2 the procedure for extracting an I-V curve of a 
PV panel using a Constant Voltage electronic load is depicted. The curves 1, 2, 3 in Fig.1 are for different 
illumination conditions. For example, for extracting the I-V curve 1, the voltage Vino is regulated by varying the 
input resistance of the e-load to the value of RinA. The intersection of the load line with curve 1 (the Quiescent 
point) is the point of operation of the PV panel in series with the load and the specific values of I, V are measured 
and stored. The procedure is repeated by modifying the voltage (green lines) of the electronic load control unit and 
the complete I-V curve of the PV panel is extracted. 
 
 
Fig. 2. Extracting the I-V curves using a Constant Voltage electronic load. 
The overall measurement procedure must be as fast as possible in order to reduce the effect of insolation 
fluctuations and temperature variations on the I-V curve. In Fig. 3 a block representation of the designed Constant 
Voltage electronic load is given. The general concept discussed previously is followed by using a MOSFET as a 
voltage-controlled load and applying optimization techniques on the control-feedback topology concerning the 
stability, time response, simplicity and overall cost.  
 
The control circuit in Fig.3 generates a specific voltage in the MOSFET gate (Vg) through which the operating 
point of the PV panel and electronic load is determined. Since a constant voltage electronic load is designed, the 
principle of operation according to Fig. 3 is that the required Control Voltage that we want to “appear” as voltage 
difference across the panel terminals is applied from the control unit and the MOSFET transistor. The control unit 
has as a feedback signal the voltage difference (Vin) across the panel terminals which is estimated by a differential 
amplifier. The control circuit adjusts the Vg voltage automatically through the operation of a closed-loop circuit that 
achieves an equilibrium situation when the PV Panel voltage equals after a specific time (settling time) the Control 
Voltage that is driven from the microcontroller unit. Considering that the voltage drop on the sensing resistor is 
negligible (in fact the Rsense=1mȍ), the e-load controller generates the appropriate VDS voltage between the Drain 
and Source of the MOSFET which approximately equals the PV panel voltage plus the bias voltage. The overall e-
load design is implemented with the difference amplifier, the circuit with characteristic function H(s), the controller 
system, a circuit with transfer function F(s) and the MOSFET transistor. The H(s) function (s denotes the description 
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in the s-plane) has been included for the adjustment of the ratio Vin/Vcontrol. The F(s) function can be implemented 
as a lead phase compensator for improved stability and speed.  
 
 
Fig. 3. General design topology of a Constant Voltage electronic load. 
 
The controller operation can be described with the following steps: 
 
1. The procedure starts with the application of a specific Control Voltage which is generated as a reference 
from the microcontroller. Initially, the open circuit voltage VOC is measured, which corresponds to the 
maximum output voltage of the PV panel and the maximum input resistance of the e-Load. The voltage 
regulated from the FET between the PV terminals is measured as the input voltage for the feedback loop 
using a differential amplifier. 
2. The Vin signal is attenuated from the system H(s) because the control voltage is usually smaller than the 
voltage across the panel. A feedback signal for the control circuit is thus generated. 
3. The control circuit drives the MOSFET with a gate voltage which after a settling time will achieve such 
a value in order for the feedback signal to become equal to the control signal. The actual voltage across 
the panel terminals will be the control voltage multiplied by the attenuation factor Ho (the transfer 
characteristic H(s) at DC). 
4. Steps 1 to 5 are repeated with control voltages that decrease from the maximum voltage (VOC) down to 
zero, while the current is being measured for every step. The I,V values are recorded for each 
measurement cycle and the I-V characteristic curve of the panel is extracted. 
 
The bias voltage is used for MOSFET biasing in order to measure near the ISC region and even for reverse bias 
operation of the Panel if necessary in dark conditions. In order to minimize the power consumption, the bias voltage 
must be kept in the minimum value required for achieving zero voltage between the panel terminals. We can 
compute the minimum bias voltage as Vb = Rmin·Isc, where Rmin is the minimum input resistance of the electronic 
load and Isc is the short circuit current of the panel. A specific implementation of the e-load developed is presented 
in the following section, together with a theoretical analysis that is used for describing the systems’ operation. 
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2.1. Theoretical Analysis and Simulation of the proposed Constant Voltage e-load topology 
 
The block diagram of Fig. 4 describes the implementation of the general topology presented in Fig.3. Vcontrol is 
the input signal to the controller generated from the microcontroller unit according to the steps described previously, 
while G1(s) and G2(s) are derived from a simplified model of the op amp operation used as a controller. There are 
also other characteristics of the op amp that cannot be precisely modeled, such as the slew rate of the output voltage 
or A(s) that can explain oscillations that has been observed in the real implementation. In Fig. 4 K represents a linear 
model of the common source inverting topology of the MOSFET combined with the linearized response of the 
panel. Therefore we can think K as the system (panel and MOSFET) that we want to control approximated with a 
constant, which is the rate of change of the load’s input voltage VD with reference to the rate of change of the gate 
voltage Vg of the MOSFET.  The voltage applied to the gate of the MOSFET is the output of the op. Amp controller 
through the compensator F(s) and the low pass filter D(s) , created from the MOSFET’s input capacitance and the 
gate resistor R6. . H(s) is a circuit that attenuates the VD and generates the feedback voltage Vf (Vfeedback) for the 
controller. The schematic diagram of Fig. 5 depicts the implementation of the general topology presented in Fig. 4 
where a simple model of a PV panel is also depicted.  
 
 
Fig. 4. Closed loop controller in the s-plane for stability analysis and optimization. 
 
Fig. 5. Implementation of the proposed Constant Voltage electronic load. 
 In the schematic diagram of Fig. 5 U1 is a unity gain amplifier for the subtraction of the bias voltage Vbias (vb) 
from the input voltage of the e-load. With the voltage divider H(s) the ratio Vpanel/Vfeedback is controlled and 
therefore the Vpanel/Vcontrol ratio is regulated. The three resistors R2, R2, R3 form a star combination in order to 
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subtract the Vbias (vb) from the measured Vin signal across the PV panel terminals while with R3 we adjust Ho (the 
DC value for H(s)). In Appendix A3 an analysis of this passive subtractor is provided with the transfer function 
determined as independent of frequency: 
ܪሺݏሻ ൌ
ܴ͵
ʹܴ͵ ൅ ܴʹ
 
 
 By considering Fig. 4 and Fig. 5 a general approach has been selected for the integrator with operational 
amplifier U2 where R5 is the series resistor placed in the Vcontrol and C1 is the feedback capacitor connected in the 
inverting operational amplifier terminal. We can then write (see Appendix A1):  
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ͳ
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where Ao is the open loop gain of the operational amplifier and Ȧb is the bandwidth of the operational amplifier. In 
Appendix A.1 an analysis of the transfer function of the inverting integrator is given resulting to the G1(s) and G2(s) 
transfer functions presented above. The D(s) function in Fig. 4 corresponds to the low-pass filter formed with the 
combination of the MOSFET capacitance Cg and the resistance R6.  This filter introduces a phase lag and increases 
the overshoot produced when a step response function is applied to the Vcontrol input for studying the e-load 
stability. For this reason we have used a small value for R6. Accordingly we can write that 
 
ܦሺݏሻ ൌ
ͳ
ݏܥ௚௦ܴ͸ ൅ ͳ
 
 
 
 
Fig. 6. The closed-loop control Bode diagram with a passive subtractor. 
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The N-channel MOSFET selected was the BUK9Y12-100Efrom NXP [15] with maximum drain-source voltage 
of 100 V, maximum drain current of 85 A, maximum total power dissipation of 238 W and maximum Rdson12 mȍ. 
A typical value of the gate capacitance Cgs for the NXPBUK9Y12-100E MOSFET is 6.5nF. For simplifying the 
system analysis we use a linearized model of the actual system and as a result the closed-loop transfer function of 
the e-load system can be written as: 
ܩ௦ሺݏሻ ൌ
ܩͳሺݏሻ ή ܩʹሺݏሻ ή ܨሺݏሻ ή ܦሺݏሻ ή ȁ߈ȁ
ͳ ൅ ܪሺݏሻ ή ܩʹሺݏሻ ή ܨሺݏሻ ή ܦሺݏሻ ή ȁ߈ȁ
 
 
At dc (s=0)  ܩ௦ሺݏሻ ൌ
ோଷାோଶ
ோଷ
ൌ ͳ ൅ ோଶ
ோଷ
  so the ratio Vpanel/Vcontrol is independent of the system’s parameters 
including the MOSFETS gm and the panel’s I-V slope. We can then calculate the open loop transfer function as:  
 
ܩ௢௣ሺݏሻ ൌ ܪሺݏሻ ή ܩʹሺݏሻ ή ܨሺݏሻ ή ܦሺݏሻ ή ȁ߈ȁ 
 
We have simulated the e-load implementation according to the transfer functions presented above. The analysis 
of the transfer function for the e-load with an op amp subtractor has showed a small phase margin, resulting to a 
slower or less stable system.  The analysis of the  e-load system with a resistive subtractor resulted in a safer phase 
margin equal to  90 degrees for a typical one pole model of the op amp controller, as shown in Fig. 6, hence the 
system is more stable and this is the approach that has been realized. 
 
3. The integrated I-V tracer based on the Polytropon open-source platform with M2M capabilities 
The general concept at the top hierarchical level is given in Fig.7 which is based on the design presented in Fig.3 
with the microcontroller providing the control voltage through a DAC and measuring the I,V samples through the 
embedded ADC. The Polytropon platform has been used as the system that controls the overall electronic load 
operation. This open-source platform (Fig. 8) has been realized as a 4-layer 6 x 7.6 cm board and described in [12, 
13]. It is based on two FRAM MSP430 microcontrollers (MSP430FR5969) with extremely low-power consumption 
and supports board extensions for both the Arduino and Launchpad ecosystems. The Polytropon platform integrates 
all the necessary M2M communication capabilities based on the Message Queue Telemetry Transport (MQTT) 
protocol for publishing the collected I-V data using the minimum bandwidth for communication. With the 
Publish/Subscribe approach supported each client makes subscriptions to the topics of its interest. 
 
 
Fig. 7. The top-hierarchical level of the automatic PV I-V tracer. 
The Message Queuing Telemetry Transport (MQTT) is an open source publish/subscribe protocol for telemetry, 
which can be easily adapted to a variety of messaging and communication needs. In the Polytropon platform the 
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MQTT protocol has been embedded in the gateway while a reduced version of the protocol the MQTT-SN has been 
realized in the wireless sensor nodes of the platform since it is not implementing the TCP/IP layer leading to the 
minimum traffic and energy consumption accordingly.  
 
  
(a) (b) 
Fig. 8. Pictures of the two sides of the Polytropon platform (a) Side A: Arduino compatible; (b) Side B: Launchpad compatible. 
In Fig. 9 the concept of cloud networking with the MQTT protocol is presented. The Data producers called 
“Publishers” (as for example the WSN nodes used for Automated Meter Reading) are not aware of the addresses of 
their subscribers that can be a remote located server or a simple HTTP application or any kind of Agent (software 
application) that can have access to the collected data. In the specific Polytropon platform the MQTT-SN protocol 
has been realized in every WSN node for publishing the collected data. The overall design of the software of the 
Polytropon nodes are quite the same for both applications with differences concerning only the “topics” (that is the 
specific text headers) for the measurements transmitted in each application. 
 
Fig. 9. The MQTT Publish-subscribe concept in the Polytropon Platform for PV panel characterization [13]. 
The gateway software is common for both applications as well as the server (broker) software. For both use cases 
the applications that “consume” the aggregated data generated from the WSNs are “subscribers” interested in the 
two special “topics”. One “topic” named “Country/City/PVpark_1234/Panel_456/IV_Curver” references a PV Park 
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with identification number 1234 and the I-V curve extracted from the PV panel with identification 456. This text 
string must be transmitted according to the MQTT protocol through the WSN gateway to the specific Broker. 
 
4. Preliminary results using the Constant Voltage e-load 
We have tested two very small PV panels denoted Panel 1 and Panel 2 in the laboratory. Panel 2 has a defection 
that is difficult to be discovered visually leading to suboptimal power generation. For each I-V curve 36 points are 
measured and each measurement is a time average of 20 instantaneous values with constant voltage generated from 
the e-load. The complete I-V curve extraction procedure is accomplished in 70 msec. 
 
 
Fig. 10. The I-V curve extracted with the Constant Voltage e-load. The PV panel 1 has no defects 
 
Fig. 11. The P-V curve extracted with the Constant Voltage e-load. The PV panel 1 has no defects 
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Fig. 12. The I-V curve extracted with the Constant Voltage e-load. The PV panel 2 has defects 
 
 
 
Fig. 13. The P-V curve extracted with the Constant Voltage e-load. The PV panel 2 has defects 
 
From a simple comparison of Figures 10 and 12 the defect of PV panel 2 is obvious. In Fig. 14 an I-V 
characteristic curve is extracted for a larger panel under direct solar irradiance.  
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Fig. 14. The I-V curve extracted with the Constant Voltage e-load under direct solar irradiation 
 
5. Conclusions 
The methodology demonstrated in this article fuses computation and communication technologies for real-time 
monitoring and characterization of PV panels. The electronic load described in the article realizes a Constant 
Voltage approach and extracts a complete I-V curve in 70 msec. The open-source platform that is used for 
controlling the e-load has embedded wireless sensor networking technology based on the MQTT protocol as an 
efficient way of communication with remote applications using web technologies. The methodology presented uses 
the open source hardware approach for simplifying the extensibility of the system and software programming using 
low cost networking extensions readily available for the Launchpad and Arduino ecosystems. This approach enables 
the experimentation and integration with advanced smart grid telemetry applications for improving the power 
generation in distributed optimiser applications together with real-time preventive monitoring of PV panels. 
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Appendix A.  
A1. Theoretical Analysis of the control system response 
 
For an operational amplifier with an open-loop gain of A the following equations are valid with Vnin and Vin to 
denote the non-inverting and inverting inputs of the operational amplifier respectively:
 
 
ܸ݅݊ െ ܸ݅݊ݒ
ܼͳሺݏሻ
ൌ
ܸ݅݊ݒ െ ܸ݋
ܼʹሺݏሻ
 and ܸ݋ ൌ ܣሺݏሻሺܸ݊݅݊ െ ܸ݅݊ݒሻ 
 
 
 
 
Fig. A1.1. A general topology for an Inverting Amplifier using an Operational Amplifier. 
 
By solving with reference to Vo we have: 
ܸ݋ሺݏሻ ൌ
ܸ݅݊ െ ܸ݊݅݊ ή ܼʹሺݏሻܼͳሺݏሻ ൅ ܼʹሺݏሻ
ͳ
ܣሺݏሻ ൅
ܼͳሺݏሻ
ܼͳሺݏሻ ൅ ܼʹሺݏሻ
 
 
We can substitute for the specific e-load implementation Vnin = Vfeedback and Vin = Vcontrol. With the 
consideration that ǽ1 is a resistor with value R and ǽ2 is a capacitor we have: 
 
ܸ݋ሺݏሻ ൌ
ܸ݂ܾ݁݁݀ܽܿ݇ െ ܸܿ݋݊ݐݎ݋݈ ή ͳݏܥܴ ൅ ͳ
ͳ
ܣሺݏሻ ൅
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ܸ݂ܾ݁݁݀ܽܿ݇ ή ሾݏܥܴ ൅ ͳሿ െ ܸܿ݋݊ݐݎ݋݈
ݏܥܴሾ ͳܣሺݏሻ ൅ ͳሿ ൅
ͳ
ܣሺݏሻ
 
 
The equations of G1(s) and G2(s) of the block diagram we used are derived as below: 
 
ܸ݋ሺݏሻ ൌ ሾܸ݂ܾ݁݁݀ܽܿ݇ െ ܸܿ݋݊ݐݎ݋݈ ή
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ܸ݋ሺݏሻ ൌ ሾܸ݂ܾ݁݁݀ܽܿ݇ െ ܸܿ݋݊ݐݎ݋݈ ή ܩͳሺݏሻሿ ή ܩʹሺݏሻ 
 
Assuming an ideal op amp operation we have:
ܸ݋ሺݏሻ ൌ ܸ݂ܾ݁݁݀ܽܿ݇
ݏܥܴ ൅ ͳ
ݏܥܴ
െ ܸܿ݋݊ݐݎ݋݈
ͳ
ݏܥܴ
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We see that sudden changes in the feedback signal are processed faster by the op amp controller resulting to a fast 
and more stable system response. 
 
 
A2.  The magnitude of the K parameter 
 
It is possible to estimate the magnitude of the K parameter by making a linear approximation of the models for the 
MOSFET and the panel, assuming that the load operates near the point where the approximation was made. 
For a MOSFET we can measure the derivatives 
 
ଵܻ ൌ
߲ܫ஽
߲ܸீ ௌ
൐ Ͳ ଶܻ ൌ
߲ܫ஽
߲ ஽ܸௌ
൐ Ͳ 
 
For small changes in the voltages ܸீ ௌand ஽ܸௌclose to a point where
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The PV panel’s voltage changes in relation to current with a rate of   ܲ ൌ
డ௏೛ೌ೙೐೗
డூ೛ೌ೙೐೗
൏ Ͳ 
 
For small changes around a point where P is known we assume the relation 
 
ο ஽ܸ ൌ
߲ ௣ܸ௔௡௘௟
߲ܫ௣௔௡௘௟
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Substituting  οܫ஽ǣ 
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The variable K is the rate of change of the load’s input voltage with reference to the gate voltage. 
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This expression can be estimated: 
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ܭ ൌ
െȁ
߲ ௣ܸ௔௡௘௟
߲ܫ௣௔௡௘௟
ȁ ή ߲ܫ஽߲ܸீ ௌ
ͳ ൅ ܴ௦௘௡௦௘ሺ
߲ܫ஽
߲ܸீ ௌ
൅ ߲ܫ஽߲ ஽ܸௌ
ሻ ൅ ȁ
߲ ௣ܸ௔௡௘௟
߲ܫ௣௔௡௘௟
ȁ ή ߲ܫ஽߲ ஽ܸௌ
 
 
When we use a bias voltage with output resistance Rs, we have: 
 
ܭ ൌ
െȁ
߲ ௣ܸ௔௡௘௟
߲ܫ௣௔௡௘௟
൅ ܴݏȁ ή ߲ܫ஽߲ܸீ ௌ
ͳ ൅ ܴ௦௘௡௦௘ሺ
߲ܫ஽
߲ܸீ ௌ
൅ ߲ܫ஽߲ ஽ܸௌ
ሻ ൅ ȁ
߲ ௣ܸ௔௡௘௟
߲ܫ௣௔௡௘௟
൅ ܴݏȁ ή ߲ܫ஽߲ ஽ܸௌ
 
 
The simpler PV panel model uses the parameters ܴ௦௘௥௜௘௦  and ܴ௦௛௨௡௧ which can be estimated 
߲ ௣ܸ௔௡௘௟
߲ܫ௣௔௡௘௟ ௔௧ூೀ಴
ൎ ܴ௦௘௥௜௘௦
 
and 
߲ ௣ܸ௔௡௘௟
߲ܫ௣௔௡௘௟ ௔௧ ூೄ಴
ൎ ܴ௦௛௨௡௧ 
 
where IOC stands for the open circuit current for the 
PV panel and ISC is the short circuit current parameter for the PV panel.  
 
Also from the small-signal MOSFET model we know that  డூವ
డ௏ವೄ
ൌ ଵ
௥೚
 and  డூವ
డ௏ಸೄ
ൌ ݃௠ 
 
From the above we can conclude that we have a very large K at ܫௌ஼ and a small K at ܫை஼. 
 
 
A3. Theoretical Analysis of the subtractor circuit 
For the subtractor and attenuator a star topology of 3 resistors is followed. The main advantage is that the feedback 
voltage passes through the resistors with no delay when compared with other solutions based on operational 
amplifiers. Vf in Fig. A3.1 is the feedback signal (Vfeedback) presented in Fig. 3. 
 
 
 
Fig. A3.1. Thevenin equivalent for the star topology. 
 
The voltage sources can be converted to equivalent current sources with a total current of 
 
ܫ ൌ ଵܸ
ܴଵ
൅ ଶܸ
ܴଶ
൅ ଷܸ
ܴଷ
resulting to a total conductance of
ͳ
ܴ
ൌ
ͳ
ܴଵ
൅
ͳ
ܴଶ
൅
ͳ
ܴଷ
This current source is then converted to an equivalent voltage source with 
 P. Papageorgas et al. /  Energy Procedia  74 ( 2015 )  423 – 438 437
 
ܸ ൌ ܫ ή ܴ ൌ
ଵܸ
ܴଵ
൅ ଶܸܴଶ
൅ ଷܸܴଷ
ͳ
ܴଵ
൅ ͳܴଶ
൅ ͳܴଷ
ൌ ଵܸ
ή ܴଶܴଷ ൅ ଶܸ ή ܴଵܴଷ ൅ ଷܸ ή ܴଵܴଶ
ܴଵܴଶ ൅ ܴଶܴଷ ൅ ܴଵܴଷ
 and ܴ ൌ
ܴଵܴଶܴଷ
ܴଵܴଶ ൅ ܴଶܴଷ ൅ ܴଵܴଷ
 
 
In order to subtract Vbias from the total input voltage we have used an operational amplifier in inverting topology 
with unity gain. The resistors R1 and R2 must have equal values. The resistor R3 is connected to ground and is used 
for further attenuation of the feedback voltage signal Vf. 
 
 
Fig. A3.2 The star topology subtractor for Vbias. 
This circuit can be modeled by Thevenin equivalent voltage source of value V and series resistance R. 
 
ܸ ൌ
െ ௕ܸ௜௔௦ܴଶܴଷ ൅ ሺ ௕ܸ௜௔௦ ൅ ௣ܸ௔௡௘௟ሻܴଶܴଷ
ܴଶܴଶ ൅ ܴଶܴଷ ൅ ܴଶܴଷ
ൌ ௣ܸ௔௡௘௟
ܴଷ
ܴଶ ൅ ʹܴଷ
 , ܴ ൌ
ܴଶܴଷ
ܴଶ ൅ ʹܴଷ
 
 
The series resistance R has to be small in order to keep the voltage drop low if the op amps input current is 
significant. The input current of this circuit is the minimum possible input current of the electronic load. 
 
ୣ୰୰ ൌ
୮ୟ୬ୣ୪
ʹଶ
൅
୮ୟ୬ୣ୪ ൅ ୠ୧ୟୱ
ଶ ൅ ଷ
ൌ ୮ୟ୬ୣ୪ ή ሾ
ͳ
ʹଶ
൅
ͳ
ଶ ൅ ଷ
ሿ ൅ ୠ୧ୟୱ ή
ͳ
ଶ ൅ ଷ
 
 
This input current adds an offset to the total output current of the PV panel, and creates an error in measurements. 
In order to keep this current low we need large value resistors for R2 and R3.  
 
The ratio between the control voltage and the voltage across the panel’s terminals is the same as the attenuation of 
Vf. 
 
௣ܸ௔௡௘௟
௖ܸ௢௡௧௥௢௟
ൌ
ܴଶ
ܴଷ
൅ ʹ 
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